In the present paper a numerical study is reported, aimed at investigating the role of openings in the in-plane response of infilled RC frames when masonry infills with sliding subpanels are adopted. Such innovative infills are meant to reduce post-earthquake damage and infill-frame interaction, with respect to traditional solid masonry infills. Their study was carried out mainly on the fully infilled configuration, and limited information is available about its response in presence of an opening. In the paper focus is made on the interaction of the infill with both the surrounding frame and with the specific post placed at the opening side, which is essential to confine the infill and protect the opening fixtures. The adopted numerical model is calibrated on the experimental results of a test performed on a real scale infill wall with horizontal sliding joints and a full-height opening on a side. A parametric study is carried out to investigate the influence of different design parameters. In detail, the focus is placed on the stiffness of the post and on the geometry of the infill (in terms of position of the opening, infill length and sliding joint configurations). The obtained results show the beneficial effect of the post deformability in reducing the infillframe interaction, with a significant reduction of the shear action exerted on the frame columns and on the post itself. Moreover, the obtained results allowed to define some preliminary recommendations for the design of the infill and of the post at the opening side.
Introduction
The post-earthquake damage observed in several masonry infilled RC frame buildings is largely associated with the response of masonry infills (Di Ludovico et al. 2017 ) as a consequence of the interaction between the stiff masonry walls and the more deformable RC structure. Such a vulnerability was repeatedly assessed by many post-earthquake surveys (Augenti and Parisi 2010; Braga et al. 2011; EERI 2000 EERI , 2009 Varum et al. 2016 ) and 1 3 verified by means of several experimental campaigns (Basha and Kaushik 2016; Mehrabi et al. 1996) and numerical models (Chrysostomou and Asteris 2012; Di Trapani and Malavisi 2018; Dolšek and Fajfar 2008; . These studies showed an initial positive interaction of the masonry infills at the first application of in-plane loads, as long as the masonry remains un-cracked or slightly damaged, with the infills contributing in the resisting mechanism against lateral loads. Such contribution can be essential in non-seismic existing frames as it often represents the main source of earthquake resistance. However, this condition is typically exceeded for limited drift levels (0.2-0.5% drift), thereafter the infill starts suffering severe damage, reducing its lateral load capacity and losing its own stability. In addition to the damage at the masonry level, the effect of the infill-frame interaction could also lead to brittle shear failures in the RC frame, due to the local trust acted by the infill on the frame, and in particular on the columns (Cavaleri et al. 2017; Milanesi et al. 2018; .
In order to mitigate such an interaction, and therefore to limit the post-earthquake damage, different innovative construction techniques for the infills have been proposed in the last decade. Some authors proposed to isolate the masonry from the frame by adopting a deformable material at the frame-to-infill interface (Markulak et al. 2013; Tsantilis and Triantafillou 2018) , others proposed to remove the mortar in the horizontal joints between the blocks (Misir 2015) or to replace all the mortar joints between the blocks with plastic joints (Vailati and Monti 2016) . Alternative proposed solutions consist in partitioning the infill by means of sliding or deformable joints Preti et al. 2015 Preti et al. , 2018 Tasligedik and Pampanin 2017; Verlato et al. 2016) . The common aim of all the proposed solutions is that of providing a certain deformability to the masonry infill, in order to undergo the deformation imposed by the surrounding RC frame without suffering damage and limiting the mutual stress exchange.
All the above mentioned innovative techniques were conceived and have proven to ensure good performance when applied to a full infill that covers the whole frame bay. However, in typical buildings, the infill walls are characterized by the presence of openings (i.e. doors and windows), creating a discontinuity in the infill. As demonstrated by many authors (Al-Chaar et al. 2003; Asteris 2012; Sigmund and Penava 2014; Surendran 2012) , the presence of the openings in a traditional infill can significantly modify the inplane response of the infill, reducing its lateral stiffness and load capacity proportionally to the opening size and position in the frame bay, and can jeopardize the infill out-of-plane stability.
Concerning the deformable infills partitioned by means of horizontal sliding joints, the role of an opening was investigated experimentally in Preti et al. (2019) , Morandi et al. (2018) and Preti et al. (2015) . In those cases, the creation of the opening required the introduction of vertical posts adjacent to the opening and connected to the frame beams in order to both confine and support the infill against the in-and out-of-plane actions, respectively. The obtained experimental results confirmed the potential of the technique also in the presence of an opening, that shows an in-plane response characterized by low damageability and low stiffness, with a further reduction of the infill-frame interaction.
The present paper deals with a numerical study on a one bay-one story infilled frame, focusing on the role of different design parameters, i.e. the stiffness of the vertical post adjacent to the opening and the geometric configuration of the opening and of the sliding joints. The focus is on the interaction of the infill both with the surrounding frame and with the post. The adopted numerical model for the infill is calibrated by comparison with the experimental results of the test performed by Preti et al. (2019) and then extended to a reinforced concrete frame with the same infill typology. Focusing on the infilled RC frame, a parametric study is performed to investigate the influence on the in-plane response of: (1) the stiffness of the post, (2) the infill length, (3) the position of the opening, (4) the sliding joint configurations and (5) the stiffness of the contact at the post to sub-panel interface.
Based on the obtained results, some simple equations are derived for the analytical interpretation of the response and some recommendations are provided to assist in the design of the infill with sliding joints in the presence of a full-height opening.
Research significance
The paper assesses the role of a full-height opening in the seismic response of masonry infills partitioned by means of horizontal sliding joints, thus providing support for the use of such an innovative technique in practical applications. With reference to the Italian building code (NTC 2018, par. 7.3.6 .1), the proposed solution can be classified as a deformable infill specifically designed not to suffer damage for inter-story drift up to 1%. Nevertheless, while for the full infill with horizontal sliding joints different parametric studies Gao et al. 2018; Preti et al. 2015; provided some design formulations (Preti et al. , 2016 , the response of such infill typology in the presence of an opening and the role of the different design parameters still needs to be quantified. The paper shows a parametric study on the most relevant parameters influencing the infill response and provides some indications for the necessary detailing at the opening. The evidence of the present study can contribute to the definition of design guidelines for infills with horizontal sliding joints and can assist in the calibration of simplified models accounting for the opening of such infills, to be used in the structural analysis of multi-bay/multi-story buildings.
Conceptual design of the opening details
As reported in Fig. 1 , previous experimental campaigns showed the relevant effect ensured by the horizontal partitioning of the wall, mainly in limiting the damage pattern in the masonry, thus ensuring both large in-plane deformation capacity and out-of-plane stability to the infill. In fact, in traditional masonry infills with or without openings (Fig. 1a, c , respectively), the in-plane response is typically associated with a widespread crack pattern in the masonry that starts for low drift levels (typically around 0.2-0.3%) and progressively develops leading to severe damage that could jeopardize the stability of the wall. As reported in Fig. 1b, d , for both the full infill and the infill with an opening, the adoption of the horizontal sliding joint technique results in a damage pattern characterized by limited local cracks at the preformed sliding joints, that activates for low drift levels but remains almost unaltered with the increase of deformation demand. Under this observation, the potential of the proposed technique is evident, as it could satisfy the deformation demand under high intensity earthquakes, but also ensure the reduction of damage in case of mid-low earthquakes.
As shown in Fig. 1d , the creation of an opening in an infill partitioned in sub-panels with horizontal sliding joints requires the introduction of a vertical post, adjacent to the opening, spanning between the top and bottom frame beams. As schematized in Fig. 2 , this element is conceived to confine the masonry, so as to govern the re-centering of the infill sub-panels under load reversals, to offer out-of-plane support against transverse loading and to protect the possible opening fixture from local thrust coming from the sub-panels sliding. For these reasons, the design of the post itself and of its connections to the frame requires the definition of the strength and deformation demands associated with both the in-plane and out-of-plane response of the infill.
In the out-of-plane response, the post has to be designed to collect a share of the design out-of-plane seismic load acting on the infill and transfer it to the frame (Fig. 2d) . Based on the masonry thickness, such actions are transferred to the post either by the activation of a compressed arch in the masonry thickness or by the infill sub-portion acting as a beam element simply supported on the adjacent column and post. To ensure the transfer of the out-ofplane stresses from the masonry to the frame, the post surface in contact with the masonry can be shaped to create a shear key embedded in the masonry and the post-to-beams connections can be organized to supply a simple support at the post ends, both in-and out-of-plane (Preti et al. 2019) . To avoid the risk of post buckling due to the vertical compression imposed by the beam deflection during the in plane sway mechanism, an axial degree of freedom must be allowed to the post, either in the connection or by adopting a telescopic shape for the post, as in Morandi et al. (2018) . Under in-plane deformation, the post needs to offer a sufficient stiffness and strength in order to ensure the re-centering of the masonry sub-panels (during load reversals) and to limit its deflection by avoiding the possible interference with the fixtures (a) damage pattern of a traditional full infill at 2% drift (Preti et al., 2012) (b) damage pattern of a full infill with horizontal sliding joints at 2.5% drift (Preti et al., 2015) (c) example of damage pattern in a traditional infill with an opening at 1.5% drift taken from literature (Shing et al., 2009) 
(d) damage pattern of an infill with horizontal
sliding joints and a full height opening at 3% drift (Preti et al., 2019) Fig. 1 Reduction of the damage in the masonry infill, ensured by the partitioning of the wall by means of horizontal sliding joints: previous experimental evidences on fully infilled frames (a, b tested in the same bay frame) and in presence of an opening (c, d). (black line at 0.5% drift, grey line at failure or 2.5% drift; lined hatch partial crushing, solid hatch full crushing) (windows or doors) of the opening. Moreover, to control the damage in the masonry sub-panel corners, a layer of soft material (in the following "contact joint") can be introduced at the postto-infill interface, similar to that required by the infill construction technique at the columnto-infill interface . In the test presented in Preti et al. (2019) (Fig. 3a) both the contact joint at the column and the post were made of wood, thus the additional interface material at the post was not necessary, as the post itself had sufficiently low strength and stiffness transverse to the grain, so as to ensure the masonry protection. The stiffness of the post is a key parameter in controlling the in-plane response and in governing its design (Fig. 2c) . A too flexible post will deflect deeply, invading the volume of the opening with possible damage of the fixtures. On the other hand, a too stiff post would offer excessive confinement to the infill under imposed in-plane inter-story drift, which would entail very high contact forces (F c in Fig. 2c ) at the masonry corners and consequently very high shear action on both the post and the frame columns. In the following, a parametric analysis is presented on the main geometrical and mechanical parameters influencing the design of the post, focusing on the internal actions entailed in the system. It is worth noting that the introduction of the vertical post in the infill would allow to obtain both a door or a window by filling, where necessary, a portion of the opening itself, taking care not to create interference with the post in-plane deflection. 
Numerical model
A two-dimensional (2D) plane-stress finite element model is created and calibrated to reproduce the response of a one bay-one story RC frame infilled with a masonry wall equipped with horizontal sliding joints, in the presence of a window. The model was calibrated on previous experimental results (Preti et al. 2019; Calvi and Bolognini 2001; Preti et al. 2015) . The adopted modelling strategy recovers what was proposed by Stavridis and Shing (2010) and already exploited by the authors in previous works ) to model the in-plane response of a similar infilled frame, but without openings. The selected modeling scheme is implemented using the finite-element analysis software FEAP (Taylor 2007) and combines the discrete and the smeared-crack approaches by means of planestress and zero-thickness interface elements. The model can capture the nonlinear behavior of the materials, including the compressive failure and the flexural and shear cracks in the concrete frame, the tensile and shear mechanisms of mortar joints, the cracking and crushing of the masonry units and the behavior of sliding joints. Details of the modeling scheme can be found in Bolis et al. (2017) and Stavridis and Shing (2010) . The calibration of the model parameters is taken from the work presented in Bolis et al. (2017) , focusing on a fully infilled frame, with the exception of the elements reproducing the opening details. The latter are calibrated on a second test specimen (Preti et al. 2019) where an infill with an opening was tested, maintaining the same material properties and test set-up of the previous test on a fully infilled frame (Preti et al. 2015) .
Description of the model
As for the fully infilled frame, the calibration of the parameters for the infill with an opening is based on the experimental results obtained for an infill tested inside a substitute steel frame (Fig. 3) , which allowed to evaluate the sole contribution of the infill, as discussed in (a) experimental specimen (Preti et al., 2019) Bolis et al. (2017) . The experimental steel frame (1) is modeled with plane stress elements to reproduce beams and columns (HEB240 steel S235 profiles with web stiffeners) which are relatively hinged at the columns' ends. According to the construction technique proposed in Preti et al. (2015) , the reference masonry infill was partitioned into several sub-panels by the introduction of sliding joints (planks covered with polyethylene sheets) and contact with the top beam was prevented by maintaining a gap of few millimeters. The masonry adopted in the test was made of fire-clay hollow blocks (dimensions L × H × T = 250 × 190 × 200 mm and void ratio around 45%) and M5 premixed cementitious mortar. Here it is modeled by means of smearedcrack elements (2) calibrated on the results of compression tests on masonry wallets to reproduce the compressive stress-strain behavior of the "block + mortar" composition, while different interface elements are introduced within the blocks to model the possible tensile and/or shear failures in the masonry blocks (5) and along the horizontal (3) and vertical (4) mortar joints. At the base of the infill, a specific interface (6) is adopted to model the mortar joint between the masonry and the concrete layer fixed on the steel beam, while no contact (gap, 7) occurs between the masonry and the top beam to simulate the physical gap maintained in the experimental specimen. To model the horizontal wooden elements introduced within the masonry, sliding interface elements (8) are introduced within the masonry instead of the bed mortar joint interfaces.
In the experimental specimen, a plank was also introduced at the masonry-to-column interface, dowelled to the column, to accommodate the local compression strain at the masonry sub-panel corners. In the FE model, such a contact joint is modeled with a smeared-crack element (9) calibrated on the compressive behavior of the wood transverse to the grain, while the possible vertical sliding between the masonry and the contact joint is governed once more by an interposed interface element (10). The calibration of the sliding behavior of all the interfaces is based on the results of triplet tests performed for the different joints .
Concerning the details of the opening in the reference specimen, a wooden post with a 150 × 150 mm section was introduced prior to the masonry construction and connected to the steel frame. In the FE model the vertical post is modeled by coupling two different elements: a core of plane-stress solid elements ensures the flexural and shear stiffness of the post (11), while a bed of smeared-crack material (12) is introduced at the post-tomasonry interface to model the contact behavior transverse to the wooden fibers. In real applications, the post should be hinged to the bottom beam and simply supported against horizontal displacement to the top beam (Fig. 2c) . However, for experimental reasons, in the specimen used for calibration the connection of the post to the frame was obtained by two trusses connected to the columns, working as load cells to quantify the action exerted on the post by the infill. In addition, the post was simply supported on the bottom beam against vertical displacement. Accordingly, in the FE model of the test specimen, the post is connected to the base beam and to the columns with rigid truss elements, located at the centerline of the post (13) and of the load cells (14), respectively.
Except for the post, the calibration properties of the FE model are taken from and are reported in Table 1 . For conciseness, Table 1 summarizes also the calibration parameters adopted in the following parametric analysis for the RC frame, described in Sect. 5.1.
The parameters of material (11), composing the core of the post, are calibrated assuming the flexural (EJ) and shear stiffness (GA v ) of the composite post cross-section, resulting from the external bed (12) and the core itself (11). It is worth noting that the thickness of the post (b) in the numerical model is chosen equal to that of the masonry elements, which is equal to the sum of the thickness of the resisting shells of the hollow blocks. Table 2 summarizes the parameters calibrated for the post.
Calibration results
The FE model is calibrated to reproduce the in-plane response of the specimen subject to a monotonically increasing lateral displacement of the top beam. Two analyses are performed in the two opposite loading directions ( Fig. 4a ) and the results are plotted together in Fig. 4b -d: positive drift values refer to the model loaded in the rightward loading direction ( Fig. 3) , while negative drift refers to the leftward one. The overall infill lateral load and maximum shear action at the post ends are plotted (Fig. 3c, d ), as a function of the drift, and compared with the experimental cyclic response. It is worth noting that, during the test, Phase A was performed on the intact specimen, while Phase A' consisted in the last sequence of the loading cycles, after having tested the same specimen with an increased post stiffness during intermediate cycles (Phase B). In particular, during Phase A no sliding occurred at the infill base, due to the presence of a regular mortar bed instead of the sliding joint between the first sub-panel and the bottom beam. During Phase B, sliding was triggered and so Phase A' was characterized by the loss of cohesion in the mortar bed joint. Accordingly, the results of the two analyses with initial properties and residual properties in the base mortar bed are reported for comparison in Fig. 4 . Figure 4b shows a fairly good match of the numerical and the experimental responses in terms of lateral load-versus-drift: the initial stiffness, the first yielding (at around 10 kN) and the envelope of the curve are accurately reproduced by the FE model, with a discrepancy less than 20% with respect to the envelope of the experimental cyclic curve, for the entire range of drift. The response shows a certain asymmetry due to the presence of the opening: when the post is in the windward position (with respect to the loading directionleftward direction) the infill strength is reduced, compared to when the post is the leeward confining element for the infill (rightward loading direction). Figure 4c , d show the axial force measured in the load cells at the post ends. As previously described, this measure represents the excitation of the post's connections to the frame. At the top end of the post (Fig. 4c) , the response shows a significant asymmetry varying the loading direction. In terms of shear action in the post, the comparison with the experimental results shows a fairly good estimate provided by the model, with a safe sided prediction given by a certain trend of overestimation. In the graph of Fig. 3d the same comparison is reported for the shear action at the post base section. Here the effect of the triggering of the sliding is more pronounced, with the reversal of the asymmetry of the response after activation of the sliding at the base. Such an effect is extensively documented in Preti et al. (2019) . The FE model can effectively reproduce such an inversion of asymmetry after the sliding triggering and it can quite well estimate the peak value of the post base reaction that occurs for positive drift, in this case. Figure 4 shows a general overestimation of the post reaction with respect to the experimental results. This is partly due to the local degradation of the specimen during the test cyclic loading which was hardly captured in the monotonic approach of the model; but it is also ascribable to the damage in the base sub-panel experimentally observed before the base sliding triggering that occurred during Phase B. It is worth noting that in the following parametric analysis a sliding joint is always considered at the base of the infill to avoid such base sub-panel damage.
Parametric study on an infilled seismic resistant RC frame
The FE model of the RC frame presented in Bolis et al. (2017) is here adopted to extend the study to the response of RC frames infilled with sliding sub-panels in the presence of a full height opening, by carrying out a parametric study to assess the role of the opening in modifying the in-plane behavior of the infill. In detail, the study focuses on the variability of the response as a function of: (1) the stiffness of the post, (2) the infill length, (3) the position of the opening, (4) the sliding joint configurations and (5) the stiffness of the contact joint at the post/column to sub-panel interface.
Description of the model
The model was created and calibrated in Bolis et al. (2017) to reproduce the in-plane response of an experimental bare RC frame tested by Calvi and Bolognini (2001) (geometry and reinforcement details in Fig. 5 ), and was then adopted to study its in-plane response when it is fully infilled with sliding sub-panels. The adopted modeling scheme for the RC frame is taken from Stavridis and Shing (2010) and it is capable of reproducing both flexural and shear failures of the frame members. With regard to the infill, the same layout and masonry parameters of Sect. 4.1 are used. The only difference consists in different constraints for the post against lateral displacement, which are here located at the top and bottom frame beams. These simulate a connection layout as if it were adopted in practice, that is different from that adopted in the experimental layout. The model parameters of the infilled RC frame are reported in Table 2 and represent the baseline properties (BL) of the parametric study. The horizontal load is applied as an increasing displacement at the top frame beam. With regard to the vertical load, the masonry self-weight is applied as distributed forces on the masonry blocks, while the external load of ideal upper stories is quantified in a constant 300 kN. This load is applied on an additional rigid beam, placed above the RC frame top beam, which is adopted to simulate the stiffening effect of the upper storey infills (Fig. 6 ).
Results
The infilled frame response is described in terms of: (1) lateral strength, (2) shear in the post-to-frame connections, (3) post deflection at mid-height and (4) shear profile in both the post and the column confining the infill, as a function of the drift. Positive and negative in-plane loading directions are analyzed (Fig. 7) , in which the post is situated in the leeward or windward position, respectively.
Role of the post stiffness
Given that the post is governed by a flexural behavior, as a consequence of its slenderness, its stiffness can be well described by the product (EJ) of its Young modulus (E) and the cross sectional modulus of inertia (J), which in the following is referred to as "post stiffness" (k post = EJ).
The influence of k post on the infilled frame response is investigated by changing the section and material properties of the post, as reported in Table 3 . The upper limit case (k_1) is here represented by the post being ideally characterized by a cross-section equal to that of the frame column. It is worth noting that this configuration differs from the case of a full infill spanning from the frame columns, because in this case the post (with the properties of a column) is not fixed to the beams, but simply supported. Cases k_3 and k_4 represent two post sections already adopted in previous experimental works [in Morandi et al. (2018) and Preti et al. (2019) , respectively] while k_5a and k_5b, represent two reduced sections (starting from k_4 and k_3, respectively) conceived to The role of the post stiffness variation on the infilled frame response is reported in Figs. 8, 9, 10 and 11. In the lateral force-versus-drift curve of Fig. 8a , the response of the different cases is compared to the bare frame and to the fully infilled curves obtained in Bolis et al. (2017) . A progressive strength reduction is observed passing from the stiffer to the more deformable posts, with a response that is bounded by the fully infilled and the bare frame ones. Figure 8b shows the deflection measured at the post mid-height for the different cases. Starting from a low deformation exhibited by the k_1 case, the deflection progressively increases with the post's flexibility, up to a maximum value of about 40 mm at 3% drift, for case k_6 during the negative loading direction. Figure 8a , b show a certain asymmetry of the response which is further discussed in the following. Figure 8c , d show the shear action at the bottom and top post ends, respectively. The higher the post stiffness, the higher the shear action is, with values ranging from about 10 kN to more than130 kN passing from case k_6 to k_1. Also in these graphs a marked A summary of the results presented in Fig. 8 is reported in Fig. 9 as a function of the post stiffness for selected drift levels (0.5%, 1%, 1.5% and 2%). Both the positive and negative loading directions are reported. In detail, the graphs clarify: (1) the limited role acted by the post stiffness in modifying the infilled frame lateral strength (Fig. 9a) , (2) the limitation of the post deflection when increasing its stiffness (Fig. 9b) and (3) the effect of the post stiffness on its maximum shear action (Fig. 9c, d ). The shear demand on the post is slightly sensitive to the post stiffness for values between 50 and 400 kN m 2 , while it shows an exponential growth with larger values of k post .
Figures 10 and 11 show the shear profiles on the column/post at 2% drift for positive and negative loading directions, respectively. The obtained profiles are the result of the contact forces exchanged by the confining elements (column/post) with the infill. Therefore, they can provide some insight on the deformation mechanism and the stress pattern activated within the infill which is useful to provide the analytical formulations proposed in the following (Sect. 6).
It is worth noting that for low values of post stiffness the contact forces are localized at the sub-panel corners, while increasing the stiffness, as in k_3 to k_1, several contact forces develop in the top and bottom sub-portions as a result of the triggering of shear sliding within the sub-panels along the bed joints.
The response of one more configuration with two openings in the frame bay (Fig. 12 ) is described in Fig. 13 . This case describes the situation of an infill confined by a post on both the windward and leeward side, without contact with the frame columns. It is worth noting that the bay length variability is not considered in the study as it is considered to not significantly affect the infill response. As a consequence, the width of the openings (i.e. the distance between the post and the adjacent column) is not a significant 
Shear at 2% drift [kN]
k_1 k_2 k_3 k_4 (BL) k_5a k_5b k_6 Fig. 11 Shear demand on the frame column and on the post for the case of one windward opening parameter in the present study as the opening simply reproduces a mechanical gap between the post and the column. Moreover, since the post is only constrained against horizontal actions, the beam bending should not modify the axial action in the post and therefore its position within the frame bay should not affect the response of the system. Due to the symmetry of the configuration, the response is symmetric and a single loading direction is reported in Fig. 13 . The infill length is kept constant at 240 cm. The results are consistent with the results shown for a single opening. The results (Fig. 13c,  d) show that the post plays a similar role in the one-or two-opening layout, experiencing higher shear actions when it is located in the leeward position in the sway mechanism and higher deflections when it is in the windward one. 
Varying the infill length
In Bolis et al. (2017) it was demonstrated that a fully-infilled frame with sliding joints is slightly sensitive to its length. In this paragraph a similar study is performed for the infill with an opening, thus varying the ratio between the infill and the opening length while keeping constant the frame geometry and the post stiffness (k_4-Baseline case). Table 4 summarizes the different studied layout. The lateral force-versus-drift curve (Fig. 14a) shows a slight variability of the response which is more evident for positive drift values. In detail, lower strength is exhibited by the cases L90 cm and L140 cm, characterized by an aspect ratio equal to or higher than 2, while for higher infill lengths the response is practically the same. Such a tendency is confirmed by the post deflection (Fig. 14b) and the shear demand on the post (Fig. 14c, d ) and on the columns (Fig. 14e, f) . Such reduced infill frame interaction for the cases L90 cm and L140 cm depends on the triggering of a rocking response of the infill (Fig. 15a) , alternative or combined with the sliding along the horizontal joints, that governs the mechanism of deformation for larger infill lengths. The rocking mechanism is allowed by the presence of the gap between the infill and the top beam and it produces lower and more distributed contact forces along the post and the column height (Figs. 16, 17) .
Except for the latter two cases, where the deformation mechanism differs from the others, it can be observed that the response is slightly sensitive to the infill length (or opening width). This aspect represents a dissimilarity with respect to the traditional masonry infill, for which the in-plane response is significantly affected by the opening dimensions instead. In particular, when dealing with traditional infills, the bigger the opening, the lower the infill strength and stiffness is, as estimated by many authors in the literature (Al-Chaar et al. 2003; Asteris 2012) .
Analytical interpretation of the mechanism
The design of the post and its connections to the frame beams is governed by the shear action developing at the post ends and by its maximum deflection. From the parametric analysis, the following trend of the post action and deformation demand as a function of the specimen geometry and mechanical properties can be observed. With regard to the infill aspect ratio (height over length of the infill), the most severe loading on the post occurs for values lower than 2, and in this range the response sensitivity to the infill aspect ratio is negligible. The results show two different behaviors in the positive and negative direction of loading: (1) the most demanding shear actions on the post and its connections to the frame occur when the opening is in the leeward position; (2) the most demanding deflection and bending moment demand occur when the opening is in the windward position. Focusing on the flexural behavior of the post, simple analytical formulations are here proposed for a first estimate of the maximum mid-height deflection of the post as a function of the inter-storey drift, based on simple equilibrium equations. Such equations are based on some observations about the intensity of the contact forces developing between the infill and the post when the latter is in the windward position. In fact, the contact forces are the result of the confining effect offered by the column and the post on the infill subportions during the sway mechanism of the storey. From the numerical study, an insight on the contact forces (F 1 , F 2 , F 3 , F 4 ) exchanged between the post and the infill sub-panels, as a function of the post stiffness, is reported in Fig. 18 for two selected drift levels (1% and 2%). The results show a trend of increment of the contact force with the stiffness of the post, except for the one close to the post top connection that remains basically constant by varying the post stiffness. In fact, the intensity of the other contact forces depends on the elastic re-centering force of the post subject to deflection. The higher the post stiffness, the higher the contact forces exchanged with the infill are. An important role is played also by the local deformation imposed at the sub-panel corner in the storey sway mechanism, which is governed by the above mentioned properties of the contact material (contact elements in Fig. 3 ). In fact, in the sway mechanism, the distance between the two confining elements, measured along the sub-panel diagonal, tends to decrease, on average.
Such shortening is maximum if the post is theoretically infinitely rigid, while it relaxes as a consequence of the deflection of the post, and accordingly the contact forces decrease with the post stiffness reduction. The effect of the post deflection on the contact forces developed in the different infill sub-panels is not uniform, but it depends on the position along the post height. In particular, contact force F 4 (Fig. 19a) , which is located very close to the post's end connection, is only slightly affected by the post deflection, thus it remains almost constant while varying the post stiffness. Among the other contact forces, F 1 shows the maximum intensity and trend of increment. This is because the base sub-panel sliding is restrained at the leeward side by its contact to the fixed column base, and it offers the most severe restraint to the rotation of the post around the base pinned end connection. It is worth noting that: (1) for values of post flexural stiffness (k post ) lower than 1/25 of the column stiffness (k col ), the contact forces undergo little absolute variations; (2) for stiffness ratio up to 1/10 the rotation of the post at its top end is significantly larger than the interstorey drift, while at the base the post tends to remain vertical. Given that the intermediate sub-panels are pushed towards the column by the friction forces transferred by the upper sub-panel, they tend to detach from the post. Three ranges of post stiffness can be recognized (in the following named A, B and C), to which three different distribution of contact forces can be associated, as represented qualitatively in Fig. 18: (1) Range A (k post /k col < 1/75, in this study), for which the post is so flexible and the contact forces so small that the friction along the horizontal joints partly inhibits the central subpanels sliding; (2) Range B (1/190 < k post /k col < 1/10, in this study), for which the post rotation is restrained mainly by the bottom sub-panel, while the intermediate subpanels can slide without engaging the restrain of the column thanks to the post deflection and so their contact forces are significantly smaller than F 1 ; (3) Range C (1/25 < k post /k col , in this study), for which the post is so stiff, and the contact forces so strong, as to impose large local deformations on all the subpanel corners. The overlapping ranges show mixed behaviors.
To highlight the typical contact force distribution within the Range B of post stiffness, an example of the force profile of the baseline case (k_4) is reported in Fig. 19a . As a first approximation, contact force F 1 can be estimated assuming the simplified static scheme of Fig. 19b , where the post deflection is imposed by the rigid restraint offered by the sole base sub-panel against the post rotation.
Neglecting the local deformation at the sub-panel corners, the deflection of the post at the F 1 position, η(L 2 ), can be quantified as:
where θ is the inter-storey drift.
Under this assumption, the intensity of force F 1 can be evaluated as a function of imposed drift θ, by means of Eq. (2), based on a simple equilibrium.
Based on Eq. (2), the analytical estimate of contact force F 1 by varying the post stiffness is reported in Fig. 17 for 1% and 2% drift levels. The comparison with the numerical results highlights an over-estimate that decreases when accounting for the local deformation at the sub-panel corner. In fact, the contact material at the two infill sub-panel sides is characterized by a plastic response of low yielding stress (σ c ≈ 2 MPa), thus it suffers some local crushing that beneficially reduces the contact force intensity. Because of such local where X is the contact length, defined by Eq. (4) as a function of: force F 1 , the depth of contact element (t) and contact stress (σ c ), assuming a stress block approach. ′ is the local rotation of the post at the location of contact force F 1 .
Few iterations on Eqs. 1-4 allow to determine the reduced deflection ′ L 2 and the effective contact force F 1 ′ L 2 . In the range of stiffness B, the estimate of contact force F 1 accounting for the contact deformation, offers a better matching of the numerical results and are shown in Fig. 17 .
Once the intensity of F 1 is quantified, some hypotheses can be made for the remaining contact forces, based on the observation of the numerical results in Fig. 18: (1) F 4 can be neglected in the flexural response of the post, as it is applied near to the post connection; (2) F 2 varies between very low values and one half of F 1, (a value that can be conservatively assumed as an upper bound); (3) F 3 always remains very small, and it is here neglected because of its low intensity. Based on these assumptions, the static scheme reported in Fig. 20d can be assumed for the estimate of the flexural response of the post, where the sole contribution of the contact forces F 1 and F 2 is considered.
For the cases of k post within Range B (Fig. 18) , the estimate of the range of mid-height deflection, by varying the drift, is obtained by two loading conditions, indicated with dashed lines (F 1 + F 2 ) and with dotted lines (F 1 ) in Fig. 20 . The (F 1 + F 2 ) offers a safe sided upper bound for the estimate of the deflection. Such an estimate could be improved through a refined model of the infilled frame, with the understanding that the loading condition (F 1 ) offers the lower bound for such a deflection. In conclusion, for design purposes, the two proposed approaches for the estimate of the maximum post deflection provide a range of possible deflection for all the proposed inter-storey drift levels.
Concerning the need to provide an estimate of the maximum shear action in the post and in its connections to the frame, the configuration with the post in the leeward position with respect to the applied horizontal action is considered. From the numerical results of Fig. 10 , the maximum shear is measured at the post base. As reported in Fig. 21 , for values of the post stiffness within Range B, the intensity of the maximum shear is governed by contact force (F 1 ), which is applied very close to the post base connection and it is significantly higher than the others. Similar to contact force F 4 in the opposite loading direction, such a contact force is slightly affected by the post deformability, thus it can be considered approximately constant by varying k post .
Based on these observations, an analytical estimate of the maximum shear action in the post can be then proposed based on the quantification of the maximum contact force in the infill base sub-panel. To this aim, in the considered Range B, an upper limit is represented by the analytical estimate of the contact force proposed in for the leeward contact force (R h,Lee ) in the sub-panel of a fully infilled frame, and reported in Eq. 5.
The equation assumes a stress block distribution along the post to sub-panel contact length ( X n ) due to the yielding of the contact element, but in this case the contact length is
obtained from a regression of the results of a parametric analysis on fully infilled frames. Such an estimate (F 1 _Anal) is reported in Fig. 21 and it offers a safe-sided estimate of the maximum shear action at the post base end, useful for a preliminary design of the post and its connections to the frame. The above proposed formulations are based on the results of the parametric analysis on the particular geometry and mechanical properties of a specific infilled RC frame. To extend the application of the analytical model to a general case, an extension of the parametric analysis is required. The here proposed formulations are therefore meant to provide a first estimate of the intensity of the internal actions in the post and its maximum deflection, in order to address the preliminary design of the post itself and its connections to the frame.
It is worth noting that the values of maximum contact forces along the post and shear demand in the post connections obtained from the above presented study are quite intense, thus requiring a non-easy design of the post and its connection. In order to obtain a reduction of the maximum internal actions in the post, in the following paragraphs two different strategies are proposed and validated through the numerical model presented above. These strategies include (1) the reduction of the infill sub-panel height obtained by modifying the number and position of the sliding joints and (2) the adoption of a weaker contact material on the infill sides. A further strategy consists in the localization of the contact between the infill sub-panels and the column/post by adopting lumped contact elements at the sub-panel mid-height as described and tested in Gao et al. (2018) for fully infilled frames.
Role of the sliding joint configuration
In the parametric study above presented, the post is modeled with a linear elastic material in order to highlight the role of the post stiffness, neglecting possible non-linear responses which could complicate the comparison of the results. However, the results of the study highlight significant internal actions in the post so that the design of the infill with the opening has to also take into account the actual capacity of the post in terms of resisting bending moment and shear. Limited to the case k_4, which reproduces the properties of the post adopted in the experimental test of Preti et al. (2019) , the study is extended by considering possible failures of the post when the demand exceeds the bending moment or shear capacity defined in Table 3 . In detail, the bending capacity is modeled by introducing a non-linear material property for the post [element (11) in Fig. 6 ] calibrated to reproduce its characteristic resisting moment, while the possible shear collapse of the post is verified a posteriori by cutting the response when the shear demand in its top or bottom section reaches the characteristic shear capacity.
As reported in Fig. 22 , beyond the baseline configuration studied in the previous paragraphs, characterized by the partitioning with 3 sliding joints (Fig. 22a) , two additional configurations are considered, obtained by partitioning the infill by means of 4 or 6 sliding joints (Fig. 22b, c, respectively) . These additional layouts of sliding joints aim at reducing the contact forces on the post, by reducing the height of the sub-panels. In fact, the analytical model proposed in the previous chapter (Eq. 2) highlights that the intensity of contact force F 1 directly depends on the bottom subpanel height, L 2 : the higher L 2 , the higher F 1 and, consequently, the internal actions in the post.
In detail, for the "4_joints" case the distribution of the sub-panel height along the infill is chosen to minimize the height of the top and bottom panels (two block rows), while for the "6_joints" case a uniform partitioning of the infill is adopted, with an infill height again equal to two block rows.
As reported in Fig. 23 , the "3_joints" case develops shear failures in the post for a drift value around 1.5%. In the graph, the response up to the failure is reported with a solid line, the dashed line shows the ideal prosecution of response in the case of an indefinitely elastic behavior of the post. The shear failure is indicated with a cross and the flexural failure with a circle. For the positive loading direction, the post suffers mainly shear failures at its base end, while during the negative loading, flexural yielding anticipates the shear failure. By increasing the number of sliding joints, the shear demand on the post is reduced, so that for the "4_joints" case the shear failure is reached at around 2.5% drift, while the "6_joints" case does not experience any failure in the explored range of drift. Considering the flexural behavior, the adoption of 4 joints does not significantly improve the response, since yielding is reached for a similar drift level of the "3 joints" case while it is avoided in the "6 joints" case These results suggest that, once the post material and geometrical properties are fixed, the actions on the post can be governed by the choice of the sliding joint configurations: the higher the number of joints, the lower the demand on the post is, while the infill lateral strength remains basically unchanged.
Role of the deformability of the contact elements
The parametric analysis in the following is extended to the role of the stiffness of the contact element at the interface with the masonry sub-panel corners. The aim of this additional study is to reduce the contact forces on the post and, consequently, the maximum actions in the post and in its connections to the frame. Figure 24 , for the sole case of a strong post (k_3), describes the response of the specimen in the presence of a soft contact material with a perfectly elastic response, with a young modulus ranging from 2.5 to 10 MPa. The results highlight the progressive reduction of shear action both in the post and the confining column with the reduction of the contact element stiffness. At the same time a significant reduction of the post deflection is obtained, thanks to the large local deformation ensured by the contact material. It is worth noting that the practicality of this solution must be checked, case by case, against the deformation capacity of the contact material, which is here simply characterized by a perfectly elastic behavior.
Conclusions
In the present paper, a parametric analysis is presented focusing on the role of a full height opening in the in-plane behavior of an RC frame infilled with a masonry panel partitioned by horizontal sliding joints. In detail, the study investigates the role of the post introduced adjacent to the masonry infill to ensure the infill stability and confinement during earthquakes shaking by focusing on its in-plane response.
The analyses are based on the modeling scheme already adopted in a previous study , which is modified to represent the introduction of a full height opening adjacent to the column. The calibration of the model for the infill is based on the experimental results on a prototype specimen test (Preti et al. 2019) . The numerical analysis allows to assess the role of different design parameters in the in-plane quasi-static response of the infilled frame and the following conclusions can be drawn.
• The presence of the full-height opening in the infill with horizontal sliding joints reduces the infill-frame interaction with respect to the case of a fully infilled frame, built with the same construction technique. This reduced interaction can be observed both in terms of infilled frame lateral strength (20-25%) and in terms of maximum shear action in the frame columns (up to − 50%). Such shear demand mitigation significantly simplifies the infilled frame design in critical regions.
• The stiffness of the post resulted as the most influencing parameter is (k post ). The lower the stiffness, the lower the internal actions in the post are, but with higher the post deflection (up to 40 mm), which can impair the opening fixtures. Accordingly, the post stiffness design needs to find a trade-off between strength and deflection demand. • The aspect ratio (H/L) of the infill plays a secondary role for values lower than 2 (long infills), but for shorter infills a rocking mechanism is activated in the masonry and limits the sliding along the horizontal joints and, as a consequence, leads to a significant further reduction of the internal actions in the structure.
• The presence of two openings (one opening per infill side) produces a demand on the posts, in terms of shear action and maximum deflection, similar to that obtained for a single opening placed on one side of the infill. This suggests that the net contribution to the lateral strength of the infilled frame depends on the layout and number of the filled portions of the frame bay, but not on their position. • The shear and flexural demand on the post can be significantly reduced (up to almost 50%) by increasing the number of sliding joints, and, consequently, by reducing the sub-panel height, or by adopting a low stiffness material (rubber or similar) at the post/ column-to-infill interface. These choices allow a dramatic simplification of the design of the post itself and its connections to the frame, with consequent savings in terms of cost and bulkiness.
Based on the results of the parametric study, analytical formulations are proposed to orient the design of the post cross section and its connections to the frame. The proposed formulations are useful to understand the mechanism governing the response of the infilled frame under investigation and their reliability is here assessed through the comparison with the numerical results. However, a wider study is required in order to optimize and validate such a formula for verification purposes.
